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SPECIFICATION 

HARD MAGNETIC COMPOUND, PERMANENT MAGNET POWDER, METHOD FOR 
PRODUCING PERMANENT MAGNET POWDER, AND BONDED ^MAGNET 

Technical Field 

The present invention relates to a hard magnetic compound 
suitable as a material for permanent magnets used in devices 
and machines which require magnetic field such as speakers 
and motors. Additionally, the present invention relates to 
a magnet powder suitable as a material for permanent magnets, 
in particular, a material for bonded magnets, and a method 
for producing the magnet powder. 

Background Art 

Among rare-earth magnets, an R-T-B system rare earth 
permanent magnet has been used in various electric appliances 
such as speakers and motors because magnetic properties thereof 
is excellent, and a main component thereof, Nd, is abundant 
as a natural resource and relatively inexpensive. 

However, in these years , demand for downsizing of electric 
devices and machines has grown markedly, and accordingly 
development of new permanent magnet materials has been 
advanced . 

Among such materials are rare earth-iron system magnet 
materials, having a body-centered tetragonal structure or a 
ThMn i2 -type structure, reported in, for example, Japanese 



US-5042 (99P04675) 



- 2 - 



Patent Laid-Open Nos . 63-273303, 4-241402, 5-65603 and 
2000-114017. 

Japanese Patent Laid-Open No. 63-273303 discloses a rare 
earth permanent magnet represented by a formula, R x TiyA z Fe a Co b 
(in this formula, R is one of the rare earth elements inclusive 
of Y; A is one or more of B, C, Al, Si, P, Ga, Ge, Sn, S and 
N; and x is 12 to 30% by weight, y is 4 to 10% by weight, z 
is 0.1 to 8% by weight, a is 55 to 85% by weight, and b is 
34% or less by weight, respectively) . Japanese Patent 
Laid-Open No. 63-273303 describes that the element A intervenes 
between atoms to modify the Fe-Fe distances along preferable 
directions . 

Japanese Patent Laid-Open No. 4-241402 discloses a 
permanent magnet represented by a formula, RxM y A 2 Fei 0 o-x-y-z (in 
this formula, R is at least one element selected from rare 
earth elements inclusive of Y; M is at least one element selected 
from Si, Cr, V, Mo, W, Ti, Zr, Hf and Al; A is at least one 
element selected from N and C; and x is 4 to 20% by atom, y 
is 20% or less by atom, and z is 0.001 to 16% by atom), this 
permanent magnet having as the main phase thereof a phase having 
a ThMni 2 -type structure. Additionally, Japanese Patent 
Laid-Open No. 4-241402 discloses that a rare earth- iron system 
tetragonal compound having a stable ThMni2-type structure can 
be formed by adding the element M (Si, Ti and the like) ; and 
Japanese Patent Laid-Open No. 4-241402 discloses that the 
element A (C, N) is effective for improving the Curie 
temperature . 
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Japanese Patent Laid-Open No. 5-65603 discloses an 
iron-rare earth system permanent magnet material comprising 
R: 3 to 30% by atom, X: 0.3 to 50% by atom and the balance 
substantially composed of Fe where R is one element or a 
combination of two or more elements selected from the group 
consisting of Y, Th and all the lanthanoid elements, and X 
is one of or a combination of the elements N (nitrogen) , B 
(boron) and C (carbon), this permanent magnet material having 
as the main phase thereof a phase having a body-centered 
tetragonal structure. Japanese Patent Laid-Open No. 5-65603 
further proposes that the magnet material includes M: 0 . 5 to 
30% by atom by partially replacing Fe with the element M (one 
element or a combination of two or more elements selected from 
the group consisting of Ti, Cr, V, Zr, Nb, Al, Mo, Mn, Hf, 
Ta, W, Mg, Si, Sn, Ge and Ga) . In Japanese Patent Laid-Open 
No. 5-65603, the element M is regarded as an element having 
a significant effect in generating the body-centered 
tetragonal structure . 

Additionally, Japanese Patent Laid-Open No. 2000-114017 
discloses a permanent magnet material represented by a general 
formula (Ri- U M U ) ( Fei- v -wCo v T w ) x A y (in this formula, R, M, T and 
A are respectively R: at least one element selected from rare 
earth elements inclusive of Y, M : at least one element selected 
from Ti and Nb, T: at least one element selected from Ni, Cu, 
Sn, V, Ta, Cr, Mo, W and Mn, A: at least one element selected 
from Si, Ge, Al and Ga; and u, v, w, x and y are respectively 
such that 0.1 < u < 0.7, 0 < v < 0.8, 0 < w < 0.1, 5 < x < 
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12, and 0.1 < y < 1.5) . This permanent magnet material has 
as the main hardmagnetic phase thereof a ThMni 2 -type structure . 
Japanese Patent Laid-Open No. 2000-114017 describes that 
substitution of the element R with the element M makes it 
possible to reduce the contents of Si, Ge and the like which 
are the elements to stabilize the phase having the ThMi 2 -type 
structure (hereinafter referred to as "ThMi 2 phase" as the 
case may be) . 

Rare earth permanent magnets are required to have high 
magnetic properties and on the other hand also to be low in 
cost. Among the rare earth elements constituting the rare 
earth permanent magnet, Nd is lower in price than Sm, and hence 
it is preferable that Nd, inexpensive compared to expensive 
Sm, makes the main component of the rare earth elements. 
However, the use of Nd makes the generation of the ThMn i2 phase 
difficult, so that the production of the magnet concerned 
requires a long time heat treatment at a high temperature. 
More specifically, for example, annealing has been made at 
900°C for 7 days in the above described Japanese Patent 
Laid-Open No. 5-65603, and only Sm has been used as the rare 
earth element except for some exceptions in Japanese Patent 
Laid-Open Nos . 4-241402 and 2000-114017. 

In view of the above circumstances, the present invention 
takes as its object the provision of a hard magnetic compound 
capable of easily generating the ThMn i2 phase even when Nd 
is used as a rare earth element, a permanent magnet powder 
and the like. 
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Disclosure of the Invention 

The present inventors have found that even when Nd is 
used as a rare earth element, a phase having a ThMni 2 -type 
structure is easily generated by simultaneously adding 
predetermined amounts of Ti and Si . Additionally, it has also 
been found that sufficient magnetic properties as a hard 
magnetic compound for use in permanent magnets are obtained 
by further adding N and/or C to a compound obtained by 
simultaneously adding predetermined amounts of Ti and Si. 

The present invention has been perfected on the basis 
of the above findings, and is a hard magnetic compound 
represented by a general formula R ( Feioo-y-wCo w Ti y ) x Si z A v ( in the 
general formula, R is at least one element selected from rare 
earth elements (here, the rare earth elements signify a concept 
inclusive of Y) and Nd accounts for 50 mol% or more of R, and 
A is N and/or C) , characterized in that the molar ratios in 
the general formula are such that x = 10 to 12.5, y = (8.3 
- 1.7 x z) to 12.3, z = 0.1 to 2.3, v = 0.1 to 3, and w = 0 
to 30, and the relation (Fe + Co + Ti + Si) /R > 12 is satisfied. 

Additionally, the present inventors have found that by 
partially replacing R with Zr and/or Hf , there can be obtained 
a hard magnetic compound which exhibits a higher saturation 
magnetization . In this case, the magnetic compound concerned 
is represented by a general formula, 

Rli_ u R2 u (Feioo-y-wCo w Ti y ) x Si 2 A v (in the general formula, Rl is at 
least one element selected from rare earth elements (here, 
the rare earth elements signify a concept inclusive of Y) , 
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and 50 mol% or more of Rl is Nd; R2 is Zr and /or Hf ; and A 
isNand/orC) , and the composition of the hardmagnetic compound 
may be set so that the molar ratios in the general formula 
is such that u = 0.18 or less, y = 4.5 to 12.3, x = 11 to 12.8, 
z = 0.1 to 2.3, v = 0.1 to 3, and w = 0 to 30 , and the relation 

(Fe + Co + Ti + Si)/(R1 + R2) > 12 is satisfied. 

For the purpose of enjoying the advantageous effect of 
the improvement of the saturation magnetization, the content 

(u) of the R2 element (Zr and/or Hf) is preferably 0.04 to 
0.06. 

Even when R is partially substituted with Zr and/or Hf , 
the hard magnetic compound can be made to be substantially 
composed of a single phase of a hard magnetic phase, and the 
hardmagnetic phase can be made to be of a ThMn i2 -type structure. 
It is to be noted that , in the present specif ication, the partial 
substitution of R with Zr and/or Hf will be referred to as 
"Zr(Hf) substitution," as the case may be. 

Irrespective as to whether the Zr(Hf) substitution is 
effected or not, the hard magnetic compound of the present 
invention can acquire a single phase consisting of a hard 
magnetic phase even when Nd accounts for 70 mol% or more of 
R, and the single phase can be made to be a phase having a 
ThMn i2 -type structure . 

In the hard magnetic compound of the present invention, 
it is preferable that A is N. 

Additionally, irrespective as to whether the Zr(Hf) 
substitution is effected or not, it is preferable that x is 
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11 to 12.5, z is 0.2 to 2.0, v is 0.5 to 2.5 and w is 10 to 
25. 

According to the present invention as described above, 
there can be obtained a hard magnetic compound comprising an 
R-Ti-Fe-Si-A compound or an R-Ti-Fe-Co-Si-A compound (in the 
general formula, R is at least one element selected from rare 
earth elements (here, the rare earth elements signify a concept 
inclusive of Y) and Nd accounts for 80 mol% or more of R, and 
A is N and/or C) , showing a single phase consisting of a hard 
magnetic phase, having a saturation magnetization (as) of 120 
emu/g or more, and having an anisotropic magnetic field (H A ) 
of 30 kOe or more. This hard magnetic compound is 
cost-advantageous since Nd accounts for 80 mol% or more of 
the above R. 

Here, the single phase can be made to be a phase having 
a ThMni 2 -type structure. 

The hard magnetic compound of the present invention can 
also exhibit excellent magnetic properties such that the 
anisotropic magnetic field (H A ) is 40 kOe or more, and the 
saturation magnetization (as) is 130 emu/g or more. 

From a viewpoint of lowering the cost for producing a 
permanent magnet, it is desired that no high-temperature 
long-time heat treatment is required even when Nd is used. 
Accordingly, the present inventors investigated an 
intermetallic compound comprising R (R is at least one element 
selected from rare earth elements (here, the rare earth 
elements signify a concept inclusive of Y) ) and T (the 
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transition metal elements indispensably including Fe and Ti) 
which has a composition that the molar ratio of R to T is in 
the vicinity of 1:12. Consequently, the present inventors 
have found that a high saturation magnetization and a high 
anisotropic magnetic field are obtained without applying a 
high-temperature long-time heat treatment when Si is present 
as an interstitial element, and moreover, that both of the 
saturation magnetization and the anisotropic magnetic field 
are further improved when N is present as an interstitial 
element . 

Additionally, in the above described course of the study, 
the present inventors have verified that although Si and N 
are common in that they are interstitial elements, they are 
different in the interstitial effect which affects the crystal 
lattice. As will be described later in detail , Si has an effect 
to shrink the crystal lattice, in particular, the a-axis of 
the crystal lattice, but on the contrary, N has an effect to 
isotropically expand the crystal lattice. Consequently, as 
compared to the hitherto known axial ratio of the c-axis to 
the a-axis (hereinafter denoted by "c/a") of the crystal 
lattice of the ThMn i2 -type compound based on ASTM (American 
Society For Testing and Materials), the c/a value of a new 
intermetallic compound produced by the present inventors are 
larger. Incidentally, the c/a value of the ThMn i2 -type 
compound based on ASTM is 0.558. 

The present invention based on the above described 
findings provides a hard magnetic compound formed of a single 
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phase consisting of an intermetallic compound comprising R 
and T (R is one or more of the rare earth elements inclusive 
of Y, and T is the transition metal elements indispensably- 
including Fe and Ti) in a molar ratio of R to T in the vicinity 
of 1:12, the hard magnetic compound being characterized in 
that Si and A (A is one or two of N and C) are located as 
interstitial elements at the interstitial sites in the crystal 
lattice of the intermetallic compound. 

In the hard magnetic compound of the present invention, 
the molar ratio of R to T is preferably 1:10 to 1:12.5. 

The ThMni2-type structure as referred to in present 
invention means a structure which can be identified to be of 
the ThMni 2 -type structure by X-ray diffraction. However, the 
structure concerned is different in the c/a value from the 
ThMn i2 -type compound defined by ASTM. More specifically, the 
ratio between the lattice constant of the c-axis and the lattice 
constant of the a-axis in the crystal lattice of said 
intermetallic compound is represented by cl/al, and the ratio 
between the lattice constant of the c-axis and the lattice 
constant of the a-axis in the crystal lattice of the ThMn i2 -type 
compound based on ASTM (American Society For Testing and 
Materials) is represented by c2/a2 (c2/a2 = 0.558), the 
relation, cl/al > c2/a2, holds. In this case, Si 
anisotropically shrinks the crystal lattice, and A 
isotropically expands the crystal lattice, so that the relation, 
cl/al > c2/a2, can be obtained. 
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As permanent magnet powders used for bonded magnets and 
the like, SmCo-magent powder and NdFeB-magnet powder have 
hitherto been known. From the viewpoint of lowering the cost, 
it is preferable that Nd, inexpensive compared to expensive 
Sm, makes the main component of the rare earth elements. For 
this reason, magnet powders comprising the Nd 2 Fei 4 Bi phase have 
been widely used. However, more inexpensive magnet powders 
are demanded. 

For the purpose of obtaining such magnet powders, the 
present inventors have been made various investigations. 
Consequently, the present inventors have found that by making 
fine the structure of the hard magnetic compound of the present 
invention, the hard magnetic compound can exhibit a sufficient 
coercive force as a permanent magnet powder. More 
specifically, the permanent magnet powder of the present 
invention is represented by a general formula 
R (Fe 10 o-y-wCo w Ti y ) x Si z A v (in this general formula, R is at least 
one element selected from rare earth elements (the rare earth 
elements signify a concept inclusive of Y) , Nd accounts for 
50 mol% or more of R, and A is N and/or C) , the permanent magnet 
powder being characterized by having a composition in which 
the molar ratios in the general formula are such that x = 10 
to 12.8, y = (8.3 - 1.7 x z) to 12.3, z = 0.1 to 2.3, v = 0.1 
to 3, w = 0 to 30, and a relation, (Fe + Co + Ti + Si)/R > 
12, is satisfied, and by being composed of a population of 
particles having a mean grain size of 200 nm or less. 
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In the permanent magnet powder of the present invention, 
it is preferable that each of particles constituting the powder 
includes as the main phase a phase having a ThMni 2 -type structure, 
in particular, a single phase consisting of a phase 
substantially having the ThMni 2 -type structure. 

In the permanent magnet powder of the present invention, 
even when Nd accounts for 70 mol% or more of R, it is possible 
to obtain a single phase consisting of a phase substantially 
having the ThMni 2 -type structure. Accordingly, the permanent 
magnet powder concerned is advantageous for lowering the cost . 

The permanent magnet powder of the present invention is, 
as described above, characterized by having a nanostructure . 
Such a nanostructure is created by applying a predetermined 
heat treatment to an amorphous or nanocrystalline powder 
subjected to quenching and solidification. In a method for 
producing the permanent magnet powder of the present invention, 
at the beginning, there is produced a powder subjected to 
quenching and solidification which has a composition 
represented by a general formula, R ( Fei 0 o-y-wCo w Ti y ) x Si z (in this 
general formula, R is at least one element selected from rare 
earth elements (the rare earth elements signify a concept 
inclusive of Y) , and Nd accounts for 50 mol% or more of R) , 
and the molar ratios in the general formula are such that x 
= 10 to 12.8, y = (8.3 - 1.7 x z) to 12.3, z = 0.1 to 2.3, 
and w = 0 to 30, and the relation (Fe + Co + Ti + Si)/R > 12 
is satisfied . Then, the powder is sub j ected to a heat treatment 
in which the powder is maintained in an inert atmosphere in 
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a temperature range between 600 and 850°C for 0.5 to 120 hours. 
Thereafter, the powder subjected to the heat treatment is 
subjected to nitriding or carbiding. 

In the method for producing the permanent magnet powder 
of the present invention, the powder subjected to quenching 
and solidification exhibits any structure of an amorphous phase, 
a mixed phase composed of an amorphous phase and a crystalline 
phase and a crystalline phase. Of these phases, from a 
viewpoint of easily controlling the grain size after the 
successive heat treatment, the mixed phase composed of an 
amorphous phase and a crystalline phase, in particular , a mixed 
phase enriched in the crystalline phase is preferable. 

In the method for producing the permanent magnet powder 
of the present invention, the method for quenching and 
solidification is not particularly specified. However, it 
is preferable to apply the single casting roll method, since 
it is more productive, provides reproducibly a desired 
structure after quenching and solidification and has other 
advantages. When the single roll casting method is applied, 
the roll peripheral velocity is preferably set within a range 
between 10 and 100 m/s. A powder subjected to quenching and 
solidification within this range can exhibit any structure 
of an amorphous phase, a mixed phase composed of an amorphous 
phase and a crystalline phase, and a crystalline phase, 
although some differences may occur, depending on other 
conditions such as the composition of a desired alloy, the 
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hole diameter of the nozzle for discharging a melt and the 
material quality of the roll. 

In the method for producing the permanent magnet powder 
of the present invention, the heat treatment applied to the 
powder subjected to quenching and solidification serves to 
crystallize the amorphous phase or to regulate the grain size 
of the grains constituting the crystalline phase. 

By using the permanent magnet powder obtained by the 
present invention, a bonded magnet can be produced. The bonded 
magnet includes a permanent magnet powder and a resin for 
bonding the permanent magnet powder. The crystalline hard 
magnetic particles, constituting the permanent magnet powder, 
each are represented by a general formula, 

R ( Feioo-y-wCo w Ti y ) x Si z A v (in the general formula, R is at least 
one element selected from rare earth elements (here, the rare 
earth elements signify a concept inclusive of Y) and Nd accounts 
for 50 mol% or more of R, and A is N and/or C) , the crystalline 
hard magnetic particles being characterized in that the molar 
ratios in the general formula are such that x = 10 to 12.8, 
y = (8.3 - 1.7 x z) to 12.3, z = 0.1 to 2.3, v = 0.1 to 3, 
and w = 0 to 30, and the relation (Fe + Co + Ti + Si)/R > 12 
is satisfied. 

From the viewpoint of the magnetic properties, the mean 
grain size of the hard magnetic particles in the bonded magnet 
of the present invention is preferably 200 nm or less. 
Brief Description of the Drawings 
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Figure 1 is a graph showing the relations between the 
lattice constants (a-axis and c-axis, and c-axis/a-axis ) and 
the Si content (z) in the hard magnetic compounds having the 
compositions Nd (Ti 8 .2Fe 9 i.8) n.9Si 2 and Nd (Ti 8 .2Fe 9 i. 8 ) n.9Si z Ni. 5 ; 

Figure 2 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 1 
(Experimental Example 1) ; 

Figure 3A is a graph showing the relation between the 
Si content and the saturation magnetization (as) ; 

Figure 3B is a graph showing the relation between the 
Si content and the anisotropic magnetic field (H A ) ; 

Figure 4 is a chart showing the results of X-ray 
diffraction for Samples Nos. 4, 7 and 45; 

Figure 5 is a graph showing the thermomagnetic curves 
for Samples Nos. 4, 7, 33 and 45; 

Figure 6 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 1 
(Experimental Example 2); 

Figure 7A is a graph showing the relation between the 
(Fe + Ti) content and the saturation magnetization (as) ; 

Figure 7B is a graph showing the relation between the 
(Fe + Ti) content and the anisotropic magnetic field (H A ) ; 

Figure 8A is a graph showing the relation between the 
(Fe + Ti) content and the saturation magnetization (as); 

Figure 8B is a graph showing the relation between the 
(Fe + Ti) content and the anisotropic magnetic field (H A ) ; 
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Figure 9 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 1 
(Experimental Example 3) ; 

Figure 10A is a graph showing the relation between the 
Ti content and the saturation magnetization (as) ; 

Figure 10B is a graph showing the relation between the 
Ti content and the anisotropic magnetic field (H A ) ; 

Figure 11A is a graph showing the relation between the 
Ti content and the saturation magnetization (as) ; 

Figure 11B is a graph showing the relation between the 
Ti content and the anisotropic magnetic field (H A ) ; 

Figure 12A is a graph showing the relation between the 
Ti content and the saturation magnetization (as) ; 

Figure 12B is a graph showing the relation between the 
Ti content and the anisotropic magnetic field (H A ) ; 

Figure 13 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 1 
(Experimental Example 4); 

Figure 14A is a graph showing the relation between the 
N content and the saturation magnetization (as) ; 

Figure 14B is a graph showing the relation between the 
N. content and the anisotropic magnetic field (H A ) ; 

Figure 15 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 1 
(Experimental Example 5) ; 
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Figure 16 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 1 
(Experimental Example 6) ; 

Figure 17 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 2 
(Experimental Example 7); 

Figure 18 is a chart showing the results of X-ray 
diffraction for Samples Nos. 63, 91 and 105; 

Figure 19 is an enlarged chart for the vicinity of the 
diffraction angle where the peak of a-Fe generates; 

Figure 20 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 2 
(Experimental Example 8); 

Figure 21 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 2 
(Experimental Example 9) ; 

Figure 22 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 2 
(Experimental Example 10) ; 

Figure 23 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 2 
(Experimental Example 11) ; 

Figure 24 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 2 
(Experimental Example 12) ; 
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Figure 25 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 2 
(Experimental Example 13) ; 

Figure 26 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 2 
(Experimental Example 14); 

Figure 27 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 3 
(Experimental Example 15) ; 

Figure 28 is a graph showing the thermomagnet ic curves 
for the samples obtained in Example 3; 

Figure 29 is a table showing the compositions, magnetic 
properties, and phases of the samples obtained in Example 3 
(Experimental Example 16) ; 

Figure 30 is a chart showing the results of X-ray 
diffraction for flakes subsequent to quenching and 
solidification; 

Figure 31 is a chart showing the results of X-ray 
diffraction for samples subsequent to heat treatment; 

Figure 32 is a figure showing a result of observation 
by TEM of the structure of the flake obtained with a roll 
peripheral velocity (Vs) of 25 m/s and then subjected to heat 
treatment ; 

Figure 33 is a figure showing a result of observation 
by TEM of the structure of the flake obtained with a roll 
peripheral velocity (Vs) of 75 m/s and then subjected to heat 
treatment; 
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Figure 34 is a table showing results of magnetic properties 
measured after nitriding for Example 4 (Experimental Example 

17) ; and 

Figure 35 is a table showing results of magnetic properties 
measured after nitriding for Example 4 (Experimental Example 

18) . 

Best Mode for Carrying Out the Invention 

Now, the examples inclusive of the best mode for the hard 
magnetic compound, the permanent magnet powder, the method 
for producing the permanent magnet powder and the bonded magnet 
of the present invention will be described below. 

First, reasons for quantitatively limiting individual 
elements in the present invention will be described below. 
[R (Rare earth element or elements) ] 

R is an element or a set of elements indispensable for 
obtaining a high magnetic anisotropy. For the purpose of 
generating the ThMn i2 phase as a hard magnetic phase, it is 
advantageous to use Sm, but in the present invention, Nd is 
made to account for 50 mol% or more of R, for the purpose of 
obtaining merits for cost. The present invention makes it 
possible to easily generate the ThMni 2 phase even when Nd 
accounts for 50 mol% or more of R. 

It is to be noted that the present invention allows 
inclusion of rare earth elements other than Nd, in addition 
to Nd. When such inclusion is the case, it is preferable to 
include, together with Nd, at least one element selected from 
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Y, La, Ce, Pr and Sm. Of these listed elements, Pr is 
particularly preferable because Pr exhibits almost the same 
properties as Nd and accordingly yields the same values as 
Nd for the magnetic properties. 

According to the present invention, even when the 
proportion of Nd in R is as high as 70 moll or more, or 90 
mol% or more, a structure having as the main phase the ThMni 2 
phase that is a hard magnetic phase can be obtained, and 
furthermore, a single phase consisting of the ThMn i2 phase 
can be obtained. As will be shown in the examples to be 
described later , according to the present invent ion, even when 
R includes only Nd, that is, Nd accounts for 100 mol% of R, 
a single phase consisting of the ThMn i2 phase that is a hard 
magnetic phase can be obtained. 
[Si] 

When Si is added simultaneously with Ti to R (Nd) and Fe, 
Si contributes to the stabilization of the ThMni 2 phase as 
a hard magnetic phase. In this case, Si is situated at the 
interstitial sites in the ThMn i2 phase and has an effect to 
shrink the crystal lattice. When the Si content is made less 
than 0.1 (in molar ratio, both here and hereinafter) , a phase 
having the Mn 2 Thi 7 -type crystal structure (hereinafter 
referred to as Mn 2 Thi 7 phase) tends to segregate, while when 
the Si content exceeds 2.3, a-Fe tends to segregate. 
Accordingly, in the present invention, it is recommended that 
z representing the Si content be set. in a range between 0.1 
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and 2.3. The Si content (z) is preferably 0.2 to 2.0, and 
further preferably 0.2 to 1.0. 

Additionally, as for Si in relation to Fe, Co, Ti and 
R, it is preferable that Si is contained in such a way that 
the relation (molar ratio of Fe + molar ratio of Co + molar 
ratio of Ti + molar ratio of Si) /(molar ratio of R) > 12 is 
satisfied; this point will be described later. 
[Ti] 

Ti contributes to generation of the ThMn i2 phase. More 
specifically, by replacing Fe by a predetermined amount of 
Ti, the generation of the ThMn i2 phase is made easy. In order 
to obtain this effect to a sufficient extent, it is necessary 
to set the lower limit of the Ti content (y) in relation to 
the Si content . In other words, as will be shown in the examples 
to be described later, when the Ti content (y) is less than 
(8 . 3 - 1 . 7 x z (Si content) ) , a-Fe and the Mn 2 Thi 7 phase segregate . 
On the other hand, the Ti content (y) exceeds 12.3, the decrease 
of the saturation magnetization becomes remarkable. 
Accordingly, in the present invention, the Ti content (y) is 
set between (8.3 - 1.7 x z (Si content)) and 12.3. The Ti 
content (y) is preferably (8.3 - 1.7 x z (Si content)) to 12, 
more preferably (8 . 3 - 1 . 7 x z (Si content) ) to 10, and further 
preferably (8.3 - 1.7 x z (Si content)) to 9. 

Additionally, when the sum (x) of the Fe content and the 
Ti content is less than 10, both the saturation magnetization 
and the anisotropic magnetic field are small, while when the 
sum (x) exceeds 12.5, a-Fe segregates. Accordingly, the sum 
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(x) of the Fe content and the Ti content is set between 10 
and 12.5. The sum (x) of the Fe content and the Ti content 
is preferably 11 to 12.5. 
[A (N (nitrogen) and/or C (carbon) ) ] 

A is an element effective in improving the magnetic 
properties in such a way that A is situated at the interstitial 
sites in the ThMni2 phase and thereby expands the lattice of 
the ThMni2 phase . However, when the A content (v) exceeds 3.0, 
the segregation of ct-Fe is observed, while the A content (v) 
is less than 0.1, no sufficient improvement effects of the 
magnetic properties can be obtained. Accordingly, the A 
content (v) is set between 0.1 and 3.0. 

The A content (v) is preferably 0.3 to 2.5, and further 
preferably 1.0 to 2.5. 
[Fe, Fe-Co] 

In the hard magnetic compound according to the present 
invention, Fe substantially accounts for the 
part of the composition that does not include the above 
described elements. However, it is effective to substitute 
a part of Fe with Co. As will be described in the example 
to be described later, addition of Co increases the saturation 
magnetization (a s ) and the anisotropic magnetic field (H A ) . 
Addition of Co is carried out preferably with an addition amount 
of 30 or less in terms of molar ratio, and more preferably 
with a range between 5 and 20. The addition of Co is not 
indispensable . 
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[ (Molar ratio of Fe + molar ratio of Co + molar ratio of Ti 
+ molar ratio of Si) /(molar ratio of R) > 12] 

The respective contents of Fe, Co, Ti and Si are as 
described above, but it is important to satisfy the condition 
that (Fe + Co + Ti + Si) /R > 12 for the purpose of making the 
hardmagnetic compound of the present invention be of the single 
phase consisting of the ThMni2 structure. As will be shown 
in the examples to be described later, the saturation 
magnetization is low when the above described condition is 
not satisfied. 

[Zr, Hf] 

In the above, the composition of the hardmagnetic compound 
according to the present invention has been described. 

The hard magnetic compound of the present invention may 
further contain Zr and/or Hf . Inclusion of Zr and/or Hf is 
effective in improving the magnetic properties, in particular, 
the saturation magnetization. 

R is partially substituted with Zr and/or Hf in the above 
described general formula. When u representing the 
substitution content of Zr and/or Hf exceeds 0.18, the 
saturation magnetization becomes lower than when u is null. 
Accordingly, when R is partially substituted with Zr and/or 
Hf, u is set at 0.18 or less (exclusive of 0) . The value of 
u is preferably 0.01 to 0.15, and further preferably 0.04 to 
0.06. 

Here is shown the Ti content (y) in the case where the 
Zr(Hf) substitution is carried out. 
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When the Zr (Hf) substitution is carried out , the Ti content 
(y) is set between 4.5 and 12.3. In this case, the Ti content 
(y) is set preferably between 5 and 12, more preferably between 
6 and 10, and further preferably between 7 and 9. In this 
connection, the sum (x) of the Fe content, the Co content and 
the Ti content is set between 11 and 12 . 8, and preferably between 
11.5 and 12.5. 

The hard magnetic compound according to the present 
invention can be obtained by the production methods well known 
in the art. 

As for the interstitial element N, a material originally 
containing N may be used. However, it is preferable that after 
a compound containing elements other than N has been produced, 
N is made to interstit ially enter into the compound by a 
treatment (nitriding) in a gas or liquid containing N. As 
the gas capable of making N interst itially enter into the 
compound, there can be used N 2 gas, a (N 2 + H 2 ) mixed gas, NH 3 
gas, and a mixed gas composed of these gases. The temperature 
for the nitriding may be set between 200 and 1000°C, and 
preferably between 350 and 700°C. The nitriding time may be 
selected appropriately to fall within a range between 0.2 and 
200 hours. 

As for the treatment (carbiding) for making C enter into 
the compound, the relevant description is the same as for the 
case of N. In other words, a material originally containing 
C may be used; and after a compound containing elements other 
than C has been produced, the compound may be heat treated 
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in a gas or liquid containing C. Alternatively, by heat 
treating the compound with a solid material containing C, C 
may be made to interstitially enter into the compound. 
Examples of the gas capable of making C interstitially enter 
into the compound include CH 4 , and C 2 H 6 and the like. As a 
solid material containing C, carbon black may be used. In 
the carbiding using these materials, the treatment conditions 
may be appropriately set within a temperature range and a 
treatment time similar to those for the nitriding. 
<Crystal structure> 

Next, the crystal structure of the hard magnetic compound 
according to the present invention will be described below. 

The hard magnetic compound of the present invention 
includes R (R is at least one element selected from rare earth 
elements (here, the rare earth elements signify a concept 
inclusive of Y) ) and T (the transition metal elements 
indispensably including Fe and Ti) , and is constituted of an 
intermetallic compound having a composition falling in the 
vicinity of an R to T molar ratio of 1 : 12 . At the interstitial 
sites in the crystal of the intermetallic compound, Si is 
situated as an interstitial element. Additionally, N is also 
situated as an interstitial element in this crystal lattice. 

As described above, both Si and N are situated at the 
interstitial sites in the crystal to improve the magnetic 
properties. It is to be noted that Si shrinks the crystal 
lattice, while N expands the crystal lattice, Si and N being 
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different in effect in such a way. Now, this point will be 
mentioned below. 

Figure 1 is graphs showing the relations between the 
lattice constants (c-axis and a-axis, and c-axis/a-axis) and 
the Si content (z) in the hard magnetic compounds having the 
compositions Nd (Ti 8 . 2^91.8) n.9Si z and Nd (Ti 8 . 2^91.8) n.9Si 2 Ni. 5 . 
The hard magnetic compounds shown in Figure 1 are the compounds 
disclosed in the examples to be described later. 

In Figure 1, no large variations of the lattice constants 
due to addition of Si are found for the c-axis. However, for 
the a- axis, it can be seen that addition of Si remarkably reduces 
the lattice constant. In other words, Si has a feature such 
that Si is situated interstitially in the crystal to 
anisotropically shrink the crystal lattice. 

Next, inFigurel, it can be seen that addition of N enlarges 
the lattice constants for both the c-axis and the a-axis. In 
other words, N is situated in the interstitial sites in the 
crystal and isotropically expands the crystal lattice. As 
described above, by shrinking or expanding the crystal lattice, 
the saturation magnetization, the Curie temperature and the 
anisotropic magnetic field are improved. As can also be seen 
from Figure 1, the effect of anisotropically shrinking the 
crystal lattice, due to Si, is not altered even by addition 
of N. Additionally, the presence of Si shrinks the crystal 
lattice, and coexistence of N and Si makes remarkable the effect 
of Si in improving the anisotropy and makes easier the 
generation of a single phase. 
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In Figure 1, the plots carrying the symbol "ASTM" refer 
to the lattice constant of the c-axis, the lattice constant 
of the a -axis and the lattice constant of the c-axis /the lattice 
constant of the a-axis for the ThMni2-type compound described 
in ASTM . It can be seen that the lattice constants for a 
composition represented by Nd (Ti 8 .2H , e 9 i. 8 ) n. 9 Si z with z equal 
to zero coincide with the lattice constants of the ThMni 2 -type 
compound described in ASTM. 

The presence of Si at the interstitial sites in a crystal 
can be verified as follows. An investigation based on the 
X-ray diffraction method of the composition represented by 
Nd (Ti 8 . 2Fe 9 i.8) n.9Si z described above with z equal to zero, namely, 
a compound containing no Si and a compound containing Si was 
carried out to reveal that no variation of the fundamental 
shapes of the obtained diffraction peaks was found between 
these compounds. Moreover, no peaks of Si or no peaks of the 
compounds between the constituent elements of the above 
described compound and Si , and no peaks of oc-Fe were identified . 
Furthermore, with increasing content of Si, the lattice 
constant of the a-axis was continuously decreased . From these 
findings, it can be verified that Si is situated at the 
interstitial sites in the crystal. 

Additionally, in the present invention, N atoms are 
situated at the interstitial sites in the crystal to expand 
both the c-axis and the a-axis with almost the same proportions . 
On the contrary, Si is situated at the interstitial sites in 
the crystal to shrink only the a-axis, so that it is inferred 
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that Si is situated at some particular sites in the crystal 
lattice. At present, such sites of Si cannot be identified, 
but the X-ray diffraction pattern ascribable to the ThMni 2 -type 
compound is shown, so that it is understood that Si is situated 
at some particular interstitial sites in the crystal. 

Although the hard magnetic compound of the present 
invention exhibits the lattice constants different from those 
of the ThMni 2 -type compound described in ASTM, the hard magnetic 
compound concerned exhibits, in X-ray diffraction, a 
diffraction pattern identifiable as that of the ThMn i2 -type 
compound. Consequently, the hard magnetic compound of the 
present invention is identified as a ThMn i2 -type compound. 
In the hard magnetic compound of the present invention, it 
is preferable that the hard magnetic phase is made to have 
a ThMn i2 -type crystal structure. In particular, from the 
viewpoint of the magnetic properties, it is preferable that 
the hardmagnetic phase is made to be substantially constituted 
of a single phase consisting of a ThMn i2 -type crystal structure . 

In the above, the hard magnetic compound of the present 
invention has been described. Although the hard magnetic 
compound is suitable as a material for magnets, the present 
inventors have found that the hard magnetic compound concerned 
can exhibit a sufficient coercive force as a permanent magnet 
powder by making fine structure of the hard magnetic compound. 
Now, the permanent magnet powder and the production method 
thereof according to the present invention will be described 
below in detail. 
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[Structure of the permanent magnet powder] 

First, the structure of the permanent magnet powder of 
the present invention will be described. 

The permanent magnet powder of the present invention is 
so fine that the mean grain size thereof is 200 nm or less, 
preferably 100 nm or less, and more preferably 80 nm or less. 
With such a nanostructure, the present invention can develop 
the coercive force required for a permanent magnet powder. 
The method for obtaining such a nanostructure in the present 
invention will be described later. The grain size is a value 
derived as follows: a quenched alloy subjected to a heat 
treatment was observed by TEM to identify individual grains 
and the areas of the individual grains were obtained by image 
processing, and then the diameter of a circle having the same 
area as that of each of the grains was taken as the grain size 
of the grain concerned. The mean grain size was obtained by 
measuring the individual sizes of about 100 grains for each 
sample and taking the mean value thereof. 

The permanent magnet powder of the present invention 
having a nanostructure is made to have the ThMn i2 phase as 
the main phase, and more preferably to be a single phase 
consisting of the ThMn i2 phase. The judgment as to whether 
the single phase consisting of the ThMn i2 phase is actualized 
or not is made according to the criteria shown in the example 
to be described later. 

[Method for producing the permanent magnet powder] 
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Next, a method for producing the permanent magnet powder 
of the present invention will be described below. 

The permanent magnet powder of the present invention is 
characterized, as described above, by having a nanostructure, 
and several methods can be applied for obtaining such a 
nanostructure . For example, there can be cited a method using 
melt spinning, a method using mechanical grinding or mechanical 
alloying, and a method using HDDR 

( Hydr ogenati on- Decompos it ion- Desorpt ion-Recombination) . 
Now, the production method using melt spun will be described 
below . 

The production method using melt spun includes three main 
steps, namely, a step for melt spinning, a step for heat 
treatment and a step for nitriding. Each of these steps will 
be described below sequentially. 
<Step for melt spinning> 

In the step for melt spinning, the melt is obtained by 
melting the raw metals blended so as to have the above described 
composition, and then the melt is subjected to quenching and 
solidification. Specific examples of the solidification 
method include the single roll casting method, the twin roll 
casting method, the centrifugal quenching, method and the gas 
atomizing method. Of these methods, it is preferable to use 
the single roll casting method. In the single roll casting 
method, melted alloy is discharged from a nozzle and is made 
to collide with the peripheral surface of a cooling roll so 
as to be quenched, and thus a quenched strip-like or flake-like 
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alloy is obtained. The single roll casting method is higher 
in mass productivity and more satisfactory in reproducibility 
of quenching conditions compared with other melt spun. 

The quenched and solidified alloy exhibits any structure 
form of an amorphous single phase, a mixed phase composed of 
an amorphous phase and a crystalline phase, and a single phase 
composed of a crystalline phase, depending on the composition 
of the alloy, and the peripheral velocity of the cooling roll. 
The amorphous phase is nanocrystallized by the heat treatment 
to be carried out later. A basis for prediction is such that 
with increasing peripheral velocity of the cooling roll, the 
proportion of the amorphous phase is increased. 

When the peripheral velocity of the cooling roll becomes 
faster, the obtained quenched alloy becomes thinner, so that 
a more uniform quenched alloy can be obtained. It is most 
desirable for the present invention that the alloy, after 
quenching and solidification, has a desirable structure, but 
it is not easy to realize. On the other hand, it is needless 
to say possible to nanocrystallize a single phase consisting 
of an amorphous phase by a heat treatment after the single 
phase concerned has been obtained. However, there is a fear 
that abnormal grain growth may be caused by precedently formed 
nuclei lead to generation of coarse grains. Accordingly, a 
preferable mode for the present invention is such that there 
is obtained a solidified structure which is rich in a 
nanocrystalline phase and the balance is constituted of an 
amorphous phase. 
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For that purpose, the peripheral velocity of the cooling 
roll is set usually between 10 and 100 m/s, preferably between 
15 and 75 m/s, and further preferably between 25 and 75 m/s. 
When the peripheral velocity of the cooling roll is set to 
be less than 10 m/s, grains become coarse and the desired 
nanostructure canhardly be obtained, while when the peripheral 
velocity of the cooling roll exceeds 100 m/s, the close contact 
between the melted alloy and the peripheral surface of the 
cooling roll is degraded to prevent effective heat transfer 
therebetween. The equipment cost is also thereby raised. It 
is preferable that the step for melt spinning is conducted 
in a nonoxidative atmosphere such as an atmosphere of Ar gas 
or N 2 gas. 

<Step for heat treatment> 

The quenched alloy obtained by the step for melt spinning 
is successively subjected to a heat treatment. The heat 
treatment generates a nanocrystal having the grain size 
required in the present invention when the quenched alloy shows 
a single phase composed of an amorphous phase. Additionally, 
when the quenched alloy shows a mixed phase composed of an 
amorphous phase and a crystalline phase, the heat treatment 
nanocrystallizes the amorphous phase, and additionally, 
controls the grains so as to have the grain size required in 
the present invention. Moreover, when the quenched alloy 
shows a single phase consisting of a crystalline phase, the 
heat treatment controls the grains thereof so as to have the 
grain size required in the present invention. Accordingly, 
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as long as the nanostructure required by the permanent magnet 
powder of the present invention is not obtained as the state 
of the quenched alloy/ it is necessary to apply this heat 
treatment . 

The treatment temperature in the heat treatment is 600 
to 850°C, preferably 650 to 800°C, and further preferably 670 
to 750°C. The treatment time depends on the treatment 
temperature, and usually set at approximately 0 . 5 to 120 hours . 
It is preferable that the heat treatment is conducted in a 
nonoxidative atmosphere such as an atmosphere of Ar gas or 
He gas, or a vacuum. 
<Step for nitriding> 

After the heat treatment, the quenched alloy is subjected 
to nitriding. As for N that is an interstitial element, a 
raw material originally containing N may be used, but it is 
preferable that after a compound containing elements other 
than N has been produced, N is made to interst itially enter 
by treatment (nitriding) in a gas containing N or a liquid 
containing N. As a gas capable of making N interstit ially 
enter, there can be used N 2 gas, a (N 2 + H 2 ) mixed gas, NH 3 
gas and mixed gases consisting of these gases. Itis preferable 
that the treatment is conducted with these gases as 
high-pressure gases for the purpose of accelerating the 
nitriding . 

The temperature for the nitriding may be set between 200 
and 450°C, and preferably between 350 and 420°C, the nitriding 
time may be appropriately selected within a range between 0.2 
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and 200 hours. As for the treatment (carbiding) for making 
C enter interstitially , the procedures concerned are similar 
to those in the case of N, and a raw material originally 
containing C may be used, and after a compound containing 
elements other than C has been produced, the compound may be 
heat-treated in a gas or liquid containing C. Alternatively , 
the compound may be heat-treated together with a solid material 
containing C, to allow C penetrate therein interstitially. 
Examples of a gas capable of making C interstitially enter 
include CH 4 , C 2 H 6 and the like . As a solid material containing 
C, carbon black may be used. In the carbiding with these 
materials, within a temperature range and a range of treatment 
time, similar to those for nitriding, the conditions can be 
set appropriately . 

The fundamental steps for obtaining the permanent magnet 
powder of the present invention are as described above, and 
the alloy obtained by melt spun may be milled before the step 
for heat treatment, before the step for nitriding, or after 
the step for nitriding. This is because the alloy obtained 
by melt spun usually does not meet the size required for the 
permanent magnet powder for use in bondedmagnets . The milling 
is conducted in an inert gas such as Ar and N 2 . 

No particular constraint is imposed on the mean particle 
size of the permanent magnet powder; however, the particle 
size is preferably such that in a particular particle, sections 
largely different from each other in crystallinity are found 
as scarcely as possible, and such that the particle size makes 
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the powder usable as a permanent magnet powder. More 
specifically, when applied to bonded magnets, it is usually 
preferable that the mean part icle sizeislO jam or more; however, 
for the purpose of ensuring sufficient resistance to oxidation, 
the mean particle size is set at preferably 30 |im or more, 
more preferably 50 |im or more, and furthermore preferably 70 
\xm or more. The mean particle size of these orders permits 
making high density bonded magnets. On the other hand, the 
upper limit of the mean particle size is preferably 500 jam, 
and more preferably 250 (am. It is to be noted that the mean 
particle size as referred to here can be specified by the median 
diameter D50. D50 is a particle size at which the sum of the 
masses of the particles reaches 50% of the total mass of the 
whole particles when the masses of the particles are summed 
starting from the smallest size particles, namely, the 
cumulative frequency in the particle size distribution graph. 

The permanent magnet powder obtained as described above 
can be applied to bonded magnets . Bonded magnets are produced 
by bonding the particles constituting the permanent magnet 
powder with a binder. Bonded magnets are classified into 
several types according to the production methods thereof. 
Examples of the types include a compression bonded magnet based 
on the press molding and an injection bonded magnet based on 
the injection molding. As binders, various resins are 
preferably used, but when metal binders are used, metal bonded 
magnets are made. No particular constraint is imposed on the 
types of resin binders, and the resin binders may be 
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appropriately selected from various thermosetting resins and 
various thermoplastic resins such as epoxy resin and nylon. 
No particular constraint is also imposed on the types of metal 
binders . Additionally, no particular constraints are imposed 
on the various conditions including the content ratio of a 
binder to the permanent magnet powder and the pressure in 
molding, and the conditions may be appropriately set in the 
typical ranges concerned. It is to be noted that for the 
purpose of avoiding coarsening the grains, it is preferable 
to avoid such methods that necessitate high temperature heat 
treatment . 

In the above, the examples in which nanostructure is 
obtained by use of melt spun has been described. However, 
the present invention is not limited to this method . As another 
method, there can be cited a method using mechanical grinding. 
This method includes three main steps, namely, a mechanical 
grinding step, a heat treatment step and a nitriding step. 
Descriptions on the heat treatment step and the nitriding step 
will be omitted because these steps are the same as those in 
the above described method using melt spun. 

Mechanical grinding can convert a material having a 
crystalline structure to a material consisting of an amorphous 
phase by successively applying mechanical impact to alloy 
particles milled to a predetermined particle size. The 
mechanical impact may be exerted by use of apparatuses known 
as milling machines such as a ball mill, a shaker mill and 
a vibration mill. By treating alloy particles with these 
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milling machines, the structure of the particles can be made 
amorphous . 

Alloy particles may be produced by use of conventional 
methods. For example, after an ingot having a predetermined 
compound has been prepared, alloy particles can be obtained 
by milling the ingot. Alternatively, a strip-like material 
or a thin flake-like material, obtained by melt spun, may be 
subjected to mechanical grinding. In this connection, 
needless to say, if the belt-like or flake-like material is 
amorphous originally, no such grinding is needed. 

An alloy powder made amorphous by applying mechanical 
grinding are successively subjected to the heat treatment step 
and the nitriding step to be able to yield the permanent magnet 
powder of the present invention. Additionally, by use of the 
permanent magnet powder, the bonded magnet of the present 
invention can be obtained. 

As a method for obtaining a nanost ructure, there is cited 
heat treatment (HDDR: 

Hydrogenat ion- Decompos it ion- De sorption- Recombination) in 
which a target material is maintained at a high temperature 
in an atmosphere of hydrogen, and then hydrogen is removed. 
In the present invention, a nanostructure can be obtained also 
by applying this HDDR treatment. The permanent magnet powder 
of the present invention can be obtained by successively 
applying the heat treatment step and the nitriding step to 
a powder having been subjected to the HDDR treatment. 
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Additionally, by use of the permanent magnet powder , the bonded 
magnet of the present invention can be obtained. 
(Examples) 

Next, the present invention will be described below in 
more detail with reference to specific examples. 
[Example 1] 

The experimental results (experimental examples 1 to 6) 
supporting the above described reasons for limiting the range 
of the composition will be described as Example 1 . As described 
above, although the hard magnetic compound of the present 
invention exhibits the lattice constants different from those 
of the ThMni 2 -type compound described in ASTM, the hard magnetic 
compound concerned exhibits a diffraction pattern in X-ray 
diffraction identifiable as that of the ThMni2-type compound. 
Experimental Example 1> 

At the beginning, description will be made on the 
experimental results (Experimental Example 1) for the z value 
(Si content) dependences of the phase state and the magnetic 
properties . 

High purity Nd, Fe, Ti and Si metals were used as raw 
materials, and each sample was prepared by means of the arc 
melting method in an Ar atmosphere in such a way that its alloy 
composition may be represented by Nd- (Ti 8 .3Ee9i. 7 ) i2~Si z . 
Successively, the alloy was milled with a stamp mill and passed 
through a sieve with opening of 38 jam, and then subjected to 
a heat treatment (nitriding) in which the alloy was maintained 
at 430 to 520°C for 100 hours in a nitrogen atmosphere. After 



US-5042 (99P04675) 



- 38 - 



the heat treatment, each of the samples was subjected to a 
chemical composition analysis and an identification of the 
formed phases, and measurements of the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) . 
The results obtained are shown in Figures 2 and 3. 

The identification of the formed phases was carried out 
on the basis of the X-ray diffraction method and the measurement 
of the thermomagnetic curve. For the X-ray diffraction, a 
Cu tube was used and measurement was made with a power output 
of 15 kW, to verify whether the peaks of the ThMn i2 phase and 
the peaks of the other phases were observed. However, because 
the peaks of the Mn 2 Th X 7 phase almost coincide with the peaks 
of the ThMni2 phase, the verification was difficult only with 
the X-ray diffraction method. Accordingly, for the 
identification of the formed phases, the thermomagnetic curves 
were also used. The thermomagnetic curves were measured by 
applying a magnetic field of 2 kOe to verify whether the Tc 
(Curie temperature) for each of the phases other than the ThMn i2 
phase was observed. It is to be noted that in the present 
invention, "a single phase consisting of the ThMn i2 phase" means 
that no peaks other than those of the ThMn i2 phase are observed 
by the above described X-ray diffraction method, no Tc other 
than that of the ThMn i2 phase was observedby the above described 
measurement of the thermomagnetic curves, and the remanent 
magnetization found in the region above the Tc concerned is 
0.05 or less; it does not matter if undetectable amounts of 
unavoidable impurities, unreacted substances and the like are 
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contained. For example, in the arc melting, sometimes the 
thermal uniformity during dissolving was insufficient to yield 
traces of residual unreacted phases (for example, Nd, a-Fe 
and the like) , and sometimes Cu and the like from the sample 
holder were contained as unavoidable impurities, but the 
unavoidable impurities were not taken into consideration as 
long as these impurities were not detected by the X-ray 
diffraction and thermomagnetic curve measurements . Specific 
examples for the identification of the formed phases will be 
described on the basis of Figures 4 and 5. 

Figure 4 is a chart showing the results of X-ray 
diffraction for Samples Nos. 4 and 7 and Sample No. 45 to be 
described later. As shown in Figure 4, for Samples Nos. 4 
and 45, only the peaks indicating the ThMn i2 phase were observed. 
However, for Sample No. 7, a peak ascribable to a-Fe was able 
to be identified. As described above, the peaks of the Mn 2 Thi 7 
phase overlapped with the peaks of the ThMni 2 phase, so that 
the former were unable to be discerned from the latter on the 
graph concerned. 

Figure 5 shows the thermomagnetic curves for Samples Nos. 
4 and 7 and Samples Nos. 33 and 45 to be described later. The 
Tc of the ThMn i2 phase was found in the vicinity of 400°C. As 
shown in Figure 5, the Tc of the Mn 2 Th i7 phase (2-17 phase) 
was identified on the lower temperature side of the Tc of the 
ThMn i2 phase (Sample No. 33) . Here, when the Tc other than 
the Tc of the ThMni 2 phase was not identified, and the remanent 
magnetization on the temperature side higher than this Tc was 
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0.05 or less, the sample was recognized to be of single phase. 
More specifically, in each of Samples Nos . 4 and 45, the Tc 
other than the Tc of the ThMn i2 phase was not identified, and 
the remanent magnetization on the temperature side higher than 
this Tc was 0.05 or less, and consequently, Samples Nos. 4 
and 45 each were identified to be of the single phase consisting 
of the ThMn i2 phase. In Sample No. 7, the Tc other than the 
Tc of the ThMni2 phase was not identified, but it was identified 
that a-Fe segregated in addition to the ThMn i2 phase on the 
basis of the fact that the remanent magnetization exceeded 
0.05 on the temperature side higher than this Tc and Figure 
4. Moreover, in Sample No. 33, the Tc of the Mn 2 Thi 7 phase 
was identified, and the remanent magnetization on the 
temperature side higher than the Tc of the ThMn i2 phase exceeded 
0.05, and consequently, it was identified that the Mn 2 Thn phase 
and a-Fe segregated in addition to the ThMn i2 phase. 

As described above, in the present invention, when no 
phase other than the ThMni 2 phase is identified both in Figure 
4 (X-ray diffraction) and Figure 5 ( thermomagnetic curve) , 
the phase is defined to be the single phase consisting of the 
ThMni 2 phase. 

The saturation magnetization (as) and the anisotropic 
magnetic field (H A ) were derived from the magnetization curves 
for the direction of the axis of easy magnetization and the 
magnetization curves for the direction of the axis of hard 
magnetization measured by use of a VSM (Vibrating Sample 
Magnetometer) at a maximum applied magnetic field of 20 kOe . 
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For the convenience of the measurement, the maximum 
magnetization value found on the magnetization curve for the 
direction of the axis of easy magnetization was taken as the 
saturation magnetization (as) . The anisotropic magnetic 
field (H A ) was defined as the magnetic field value for which 
the line tangent, at 10 kOe, to the magnetization curve for 
the direction of the axis of hard magnetization intersected 
the saturation magnetization (as) value. 

As shown in Figures 2 and 3, in Sample No. 6 having no 
added Si, the Mn 2 Thi 7 phase (hereinafter referred to as the 
2-17 phase) and a-Fe were present in addition to the ThMni 2 
phase (hereinafter referred to as the 1-12 phase) , and the 
anisotropic magnetic field (H A ) was particularly low . On the 
contrary, it was found that in each of Samples Nos . 1 to 5 
having added Si, the phase was of the single phase composed 
of the 1-12 phase, and the 1-12 phase was stabilized. These 
compounds each showing the single phase composed of the 1-12 
phase can acquire a saturation magnetization (as) of 130 emu/g 
or more and an anisotropic magnetic field (H A ) of 50 kOe or 
more. However, in Sample No. 7 having a Si content of 2.5, 
a-Fe segregated and the properties were lowered. In Sample 
No. 8 having a (Fe + Ti) content of less than 10 and a Si content 
of 2.5, both of the saturation magnetization (as) and the 
anisotropic magnetic field (H A ) were remarkably decreased. 
If soft magnetic a-Fe is present, the portion containing such 
a-Fe generates a reverse magnetic domain at a low magnetic 
field (demagnetizing field) . Accordingly, the coercive force 
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becomes small as a result of easily promoting the inversion 
of the magnetic domains in the hard magnetic phase component, 
and accordingly the presence of cc-Fe is not desirable for 
permanent magnets required to have coercive force. 

Within the scope of Samples Nos. 1 to 5, the anisotropic 
magnetic field (H A ) tends to be increased with increasing Si 
content, whereas the saturation magnetization (as) tends to 
be increased with decreasing Si content. 
Experimental Example 2> 

In the same manner as in Experimental Example 1, each 
sample was prepared in such a way that the composition concerned 
may be represented by Nd- (Ti 8 . 3^91.7) X -Si z -Ni. 5 . The samples 
obtained each were analyzed for chemical composition, 
identified for phases, and measured for saturation 
magnetization (as) and anisotropic magnetic field (H A ) . The 
composition, the magnetic properties and the phases of each 
of the samples obtained in Experimental Example 2 are shown 
in Figure 6. The results of measurement of the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) 
for the Samples Nos. 9 to 11 and 17 to 20 are shown in Figures 
7A and B, respectively. Similarly, the results of the 
measurement of the saturation magnetization (as) and the 
anisotropic magnetic field (H A ) for the Samples Nos. 12 to 
16, 21 and 22 are shown in Figures 8A and B, respectively. 
It is to be noted that Experimental Example 2 is an experiment 
carried out for the purpose of investigating the effects of 
the x (Fe content + Ti content) and (x + z) (Fe content + Ti 
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content + Si content) on the phases, the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) . 

As shown in Figures 6 to 8, when x is less than 10 (Samples 
Nos. 17 and 21), the saturation magnetization (as) is less 
than 120 emu/g, and in Sample No. 17 having such a low z (Si 
content) as 1.1, the anisotropic magnetic field (H A ) is as 
low as about 30. On the contrary, when the x exceeds 12.5 
(Samples Nos. 20 and 22) , ot-Fe comes to segregate. Even when 
x falls within a range between 10 and 12.5, the saturation 
magnetization (as) is as low as less than 120 emu/g and the 
anisotropic magnetic field (H A ) is also as low as about 30 
kOe for the (x + z) of 12 or less (Samples Nos. 18 and 19) . 

In a contrast to the above, when x falls within a range 
between 10 and 12.5 and (x + z) exceeds 12 (Samples Nos. 9 
to 16) , there can be obtained a single phase consisting of 
the 1-12 phase, and having such properties as a saturation 
magnetization (as) of 120 emu/g or more and an anisotropic 
magnetic field (H A ) of 50 kOe or more. 
Experimental Example 3> 

In the same manner as in Experimental Example 1, each 
sample was prepared in such a way that its composition concerned 
may be represented by Nd- (Ti y Feioo-y) ~Sii.o~Ni.5/ 
Nd- (Ti y Feioo-y) -Sil.s-Ni.s/ or Nd- (Ti y Fei 0 o-y) -Si 2 .o-Ni. 5 . The 
samples were analyzed for chemical composition, identified 
for phases, and measured for saturation magnetization (as) 
and anisotropic magnetic field (H A ) . The composition, the 
magnetic properties and the phases of each of the samples 
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obtained in Experimental Example 3 are shown in Figure 9. The 
results of measurement of the saturation magnetization (as) 
and the anisotropic magnetic field (H A ) for the Samples Nos. 
2 3 to 2 5 and 33 to 35 are shown in Figures 1 OA and B, respectively. 
Similarly, the results of the measurement of the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) 
for the Samples Nos. 26 to 28 , 36 and 37 are shown in Figures 
11A and 11B, respectively. Additionally , the results of the 
measurement of the saturation magnetization (as) and the 
anisotropic magnetic field (H A ) for the Samples Nos. 29 to 
32 and 38 are shown in Figures 12A and 12B, respectively. 

It is to be noted that Experimental Example 3 is an 
experiment carried out for the purpose of investigating the 
effects of the y (Ti content) on the phases, the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) - 

As shown in Figures 9 to 12, in any one of the cases where 
z (Si content) is 1.0, 1.5 and 2.0, when y (Ti content) is 
less than (8.3 - 1.7 x z) , oc-Fe and moreover, the 2-17 phase 
segregate (Samples Nos. 33, 34, and 36 to 38) . On the other 
hand, when y (Ti content) exceeds 12 . 3 to be 12 . 5 , the saturation 
magnetization (as) is decreased to be less than 120 emu/g 
(Sample No. 35) . 

On the contrary to the above, when y (Ti content) falls 
within a range between (8.3 - 1.7 x z) and 12.3, a single phase 
composed of the 1-12 phase, namely, a structure of a single 
phase composed of the hard magnetic phase is obtained, and 
a saturation magnetization (as) of 130 emu/g or more and 
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moreover 140 emu/g or more, and an anisotropic magnetic field 
(H A ) of 50 kOe or more and moreover 55 kOe or more can be obtained 
(Samples Nos. 23 to 32) . 
Experimental Example 4> 

In the same manner as in Experimental Example 1, each 
sample was prepared in such a way that the composition concerned 
may be represented by Nd- (Ti 8 .3Fe 9 i. 7 ) i2 _ Si2.o"N v . The samples 
obtained each were analyzed for chemical composition, 
identified for phases, and measured for saturation 
magnetization (as) and anisotropic magnetic field (H A ) . The 
composition, the magnetic properties and the phases each of 
the samples obtained in Experimental Example 4 are shown in 
Figure 13. The results of measurement of the saturation 

magnetization (as) and the anisotropic magnetic field (H A ) 
for the Samples Nos. 39 to 44 are shown in Figures 14A and 
B, respectively. 

It is to be noted that Experimental Example 4 is an 
experiment carried out for the purpose of investigating the 
effects of the v (N content) on the phases, the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) . 

As shown in Figures 13 and 14, when v (N content) is null, 
both of the saturation magnetization (as) and the anisotropic 
magnetic field (H A ) are low (Sample No. 43) . On the other 

hand, when v (N content) exceeds 3 to be 3.5, ct-Fe segregates 
(Sample No . 44 ) . 

On the contrary to the above, when v (N content) falls 
within a range between 0.1 and 3, a single phase composed of 
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the 1-12 phase, namely, a structure of a single phase composed 
of the hard magnetic phase is obtained, and a saturation 
magnetization (as) of 120 emu/g or more and an anisotropic 
magnetic field (H A ) of 30 kOe or more can be obtained (Samples 
Nos. 39 to 42). From the viewpoint of the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) , 
it is preferable that v (N content) is set within a range between 
0.5 and 2.7, and moreover, between 1.0 and 2.5. 
Experimental Example 5> 

In the same manner as in Experimental Example 1, each 
of the samples shown in Figure 15 was prepared and subjected 
to the identification of the formed phase, and the measurements 
of the saturation magnetization (as) and the anisotropic 
magnetic field (H A ) . The results obtained are shown in Figure 
15. 

It is to be noted that Experimental Example 5 is an 
experiment carried out for the purpose of investigating the 
dependence on the w (Co content) in 
Nd- (Ti 8 . 3 Fe 9 i.7-wCo w ) 12 -Si z -Ni. 5 . 

As can be seen from Figure 15, in any one of the case 
where z (Si content) is 0.25 and the case where z (Si content) 
is 1.0, the saturation magnetization (as) and the anisotropic 
magnetic field (H A ) are improved by increasing w (Co content) , 
and such improvement effect reaches a peak for w (Co content) 
of about 20. Accordingly, in consideration of the fact that 
Co is expensive, w (Co content) is preferably 30 or less, and 
is more preferably set within a range between 10 and 25 . Within 
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this range of w (Co content) , the structure is of the single 
phase composed of the 1-12 phase. 
Experimental Example 6> 

High purity Nd, Fe, Ti and Si metals were used as raw 
materials, and each sample was prepared by means of the arc 
melting method in an Ar atmosphere in such a way that its alloy 
composition may be represented by Nd- (Ti 8 .3Fe9i. 7 -wCo w ) i2~Si z . 
Successively, each alloy was milled with a stamp mi 11 and passed 
through a sieve with opening of 38 \xm, and thereafter mixed 
with a C powder having a mean particle size of 1 jam or less, 
and then the mixture thus obtained was heat-treated so as to 
be maintained at 400 to 600°C for 24 hours in an Ar atmosphere. 
After the heat treatment, each of the samples was subjected 
to a chemical composition analysis and an identification of 
the formed phases, and measurements of the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) . 
The results obtained are shown in Figure 16. 

As shown in Figure 16, also by adding C in place of N, 
the single phase consisting of the 1-12 phase can be obtained, 
and additionally, a saturation magnetization (as) of 120 emu/g 
or more and an anisotropic magnetic field (H A ) of 30 kOe or 
more can be obtained. In this case, C plays the same role 
as N . 

Additionally, even when 1 to 25% of Nd is substitute with 
Pr, the same results as obtained for the other samples can 
be obtained. 
[Example 2] 
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The results of the experiments (Experimental Examples 
7 to 14) carried out for the purpose of investigating the 
variations of the magnetic properties caused by partial 
substitution of Nd with Zr or Hf will be described below as 
Example 2. In Experimental Examples 7 to 13, Nd is partially 
substituted with Zr, while in Experimental Example 14, Nd is 
partially substituted with Hf. 
Experimental Example 7> 

High purity Nd, Zr, Fe, Ti and Si metals were used as 
raw materials, and each sample was prepared by means of the 
arc melting method in an Ar atmosphere in such a way that its 
alloy composition may be represented by 

Ndi- x Zr x (Ti 8 .3Fe 9 i.7) i2Sii.o • Successively, according to the 
same procedures as in Example 1, each of the samples was 
subjected to the milling and the heat treatment (nitriding) . 
After the heat treatment, each of the samples was subjected 
to a chemical composition analysis and an identification of 
the formed phases, and, under the same conditions as in Example 
1, measurements of the saturation magnetization (as) and the 
anisotropic magnetic field (H A ) were carried out . The results 
obtained are shown in Figure 17. 

As shown in Figure 17, by partially replacing Nd by Zr, 
a saturation magnetization (as) of 140 emu/g or more can be 
obtained. The improvement effect of the saturation 
magnetization (as) provided by Zr exhibits a peak at a Zr content 
(u) of 0.05, and the Zr content exceeding this value tends 
to decrease the saturation magnetization (as) ; and when the 
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Zr content (u) comes to be 0 . 20 , saturation magnetization (as) 
becomes lower than when Zr is not contained. Additionally, 
when the Zr content (u) falls within a range between 0.02 and 
0.15, the single phase consisting of the ThMn i2 phase 
(hereinafter referred to as the 1-12 phase) is obtained. 

From the above, the Zr content (u) is preferably set within 
a range between 0.01 and 0.18, and more preferably within a 
range from 0.04 and 0.06, on the basis of the general formula 
Rli- U R2 U (Ti y Fe 10 o- y -wCo w ) x Si z A v . 

For each of the samples having been subjected to the heat 
treatment, the identification of the formed phases was carried 
out by the X-ray diffraction method. The conditions of the 
X-ray diffraction were set to be the same as in Example 1, 
and the presence or absence of the peaks of the ThMn i2 phase 
and the peaks of the phases other than the ThMni2 phase was 
investigated. As for the other phases, there can be cited 
a-Fe, the Mn 2 Thi 7 phase and a nitride of Nd. For the purpose 
of obtaining high magnetic properties, it is preferable that 
the main diffraction lines of the phases other than the ThMn i2 
phase have peak intensity ratios of 50% or less in relation 
to the main diffraction line of the ThMn i2 phase. Specific 
examples of the identification of the formed phases will be 
described below on the basis of Figures 18 and 19. 

Figure 18 is a chart showing the results of the X-ray 
diffraction measurement for Samples Nos . 63, 91 and 105 to 
be described later; in Samples Nos. 63 and 91, only the peaks 
exhibiting the ThMn i2 phase were observed. On the contrary, 



US-5042 (99P04675) 



- 50 - 



in Sample No. 105, the peak of a-Fe was able to be verified. 
It is assumed that in Sample No. 105, the N content was excessive 
and the ThMn i2 phase was thereby decomposed and accordingly 
a-Fe segregated. This can be seen from the fact that in Sample 
No. 105, the peaks of the ThMn i2 phase are decreased in intensity, 

while the peak of a-Fe grows. 

Figure 19 is an enlarged chart for the vicinity of the 
diffraction angle generating the a-Fe peak. In the vicinity 
of this angle, the peak of the ThMni 2 phase and the peak of 
a-Fe are close to each other. In Sample No. 63, only the peak 
of the ThMni2 phase was observed. In Sample No. 91, two peaks, 
namely, the peak of the ThMn i2 phase and the peak of a-Fe were 
observed, but in a case where such a small amount of a-Fe is 
involved, the effect on the properties is small. On the other 
hand, inSampleNo. 105, almost only the peak of a-Fe was observed, 
and as can be seen from Figure 18, the peak intensity ratio 
of the main diffraction line of a-Fe to the main diffraction 
line of the ThMn i2 phase observed in the vicinity of 42° is 
50% or more. When such a large amount of a-Fe segregates, 
the degradation of the properties becomes remarkable. 
Experimental Example 8> 

In the same procedures as in Experimental Example 7, each 
sample was prepared in such a way that the composition concerned 
may be represented by Ndo.95Zro.05 (Ti 8 .3Fe 91 . 7 ) i 2 Si u Ni. 5 . The 
samples obtained each were analyzed for chemical composition, 
identified for phases, and measured for saturation 
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magnetization (as) and anisotropic magnetic field (H A ) . The 
results obtained are shown in Figure 20. 

It is to be noted that Experimental Example 8 is an 
experiment carried out for the purpose of investigating the 
effects of Si content (z) on the phases, the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) . 

In Sample No. 69 having no added Si, the Mn2Thi7 phase 
(hereinafter referred to as the 2-17 phase) and the a-Fe phase 
were present in addition to the 1-12 phase, and the anisotropic 
magnetic field (H A ) was particularly low. On the contrary, 
it was found that in each of Samples Nos. 70 to 73 having added 
Si, the phase was of the single phase composed of the 1-12 
phase, and the 1-12 phase was stabilized. These compounds 
each showing the single phase composed of the 1-12 phase can 
acquire a saturation magnetization (as) of 140 or 145 emu/g 
or more and an anisotropic magnetic field (H A ) of 50 or 55 
kOe or more. However, in Sample No. 74 having a Si content 
of 2.5, a-Fe segregated in a larger amount and the properties 
were lowered. If soft magnetic a-Fe is present, the portion 
containing such a-Fe generates a reverse magnetic domain at 
a low magnetic field (demagnetizing field) . Accordingly, the 
coercive force becomes small as a result of easily promoting 
the inversion of the magnetic domains in the hard magnetic 

phase component, and accordingly the presence of a-Fe is not 
desirable for permanent magnets required to have coercive 
force . 
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Within the scope of Samples Nos. 70 to 73, the anisotropic 
magnetic field (H A ) tends to be increased with increasing Si 
content, whereas the saturation magnetization (as) tends to 
be increased with decreasing Si content. 
Experimental Example 9> 

In the same procedures as in Experimental Example 7 , each 
sample was prepared in such a way that the composition concerned 
may be represented by Ndo.95Zro.05 (Ti 8 . 3^91.7) xSio.5N1.5z 
Ndo.95Zro.05 (Ti 8 . 3 Fe 9 i.7) xSii.oNi.5, or 

Ndo.95Zro.05 (Ti8.3Fe 9 i. 7 ) xSii.sNi.s . The samples obtained each 
were analyzed for chemical composition, identified for phases, 
andmeasured f or saturationmagnetization (as) and anisotropic 
magnetic field (H A ) . The results obtained are shown in Figure 
21. 

It is to be noted that Experimental Example 9 is an 
experiment carried out for the purpose of investigating the 
effects of the "Fe content -1- Co content + Ti content (x) " and 
the "Fe content + Co content + Ti content + Si content (x + 
z)" on the phases, the saturation magnetization (as) and the 
anisotropic magnetic field (H A ) . 

As shown in Figure 21, when the "Fe content + Co content 
+ Ti content (x) " is less than 11 (Samples Nos. 81, 83, 84 
and 86) , the saturation magnetization (as) is less than 140 
emu/g. On the contrary, when z is 13 (Sample No. 85), oc-Fe 
segregates in a larger amount and the properties are lowered. 
Additionally, even when z falls within a range between 11 and 
12.5, if (x + z) , namely, (molar ratio of Fe + molar ratio 
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of Co + molar ratio of Ti + molar ratio of Si) /(molar ratio 
of Rl + molar ratio of R2) is lower than 12 to be 11.6 (Sample 
No. 82), the saturation magnetization (as) exhibits a value 
of 140 emu/g or more, but the anisotropic magnetic field (H A ) 
is at the highest 40 kOe or lower. 

On the contrary to the above, each of Samples Nos . 75 
to 80 in which x falls within a range between 11 and 12.8 and 
(x + z) exceeds 12 has a saturation magnetization (as) of 140 
emu/g or more and an anisotropic magnetic field (H A ) of 50 
kOe or more. 

Experimental Example 10> 

In the same procedures as in Experimental Example 7, each 
sample was prepared in such a way that the composition concerned 
may be represented by Ndo.95Zro.05 (Ti y Feioo-y ) i2Sii.oNi.s, 
Ndo.952ro.05 (Ti y Feioo- y ) 12Si1.5N1.5r or 

Ndo.95Zro.05 (TiyFeioo-y) 12Si2.0N1.5- The samples obtained each 
were analyzed for chemical composition, identified for phases, 
andmeasured f or saturationmagnetization (as) and anisotropic 
magnetic field (H A ) . The results obtained are shown in Figure 
22 . 

It is to be noted that Experimental Example 10 is an 
experiment carried out for the purpose of investigating the 
effects of the Ti content (y) on the phases, the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) . 

In any one of the case where the Si content (z) is 1.5 
and the case where it is 2.0, when the Ti content (y) is less 
than 5.0, a-Fe segregates and moreover, the 2-17 phase 
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segregates, and both of the saturation magnetization (as) and 
the anisotropic magnetic field (H A ) still remain at low values 
(Samples Nos. 94 and 99) . On the other hand, the Ti content 
(y) exceeds 12 . 3 to be 12 . 5, the saturation magnetization (as) 
is decreased to be less than 130 emu/g (Sample No. 90) . 

On the contrary to the above, each of Samples Nos. 87 
to 89, 91 to 93, and 95 to 98, in which the Ti content (y) 
falls within a range between 5 and 12.3, takes a single phase 
composed of the 1-12 phase, namely, a single phase consisting 
of a hard magnetic phase, and can acquire a saturation 
magnetization (as) of 140 or 150 emu/g or more and an anisotropic 
magnetic field (H A ) of 50 or 55 kOe or more. 
Experimental Example 11> 

In the same procedures as in Experimental Example 7, each 
sample was prepared in such a way that the composition concerned 
may be represented by Ndo.95Zro.05 (Ti y Fei 0 o- y ) i2Sii. 0 N v . The 
samples obtained each were analyzed for chemical composition, 
identified for phases, and measured for saturation 
magnetization (as) and anisotropic magnetic field (H A ) . The 
results obtained are shown in Figure 23. 

It is to be noted that Experimental Example 11 is an 
experiment carried out for the purpose of investigating the 
effects of the N content (v) on the phases, the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) . 

As shown in Figure 23, when the N content (v) is zero, 
both of the saturation magnetization (as) and the anisotropic 
magnetic field (H A ) are low (Sample No. 100). 
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On the contrary to the above, Samples Nos . 101 to 104 
in which the N content (v) falls within a range between 1 and 
3 each shows a single phase composed of the 1-12 phase, namely, 
a single phase consisting of a hard magnetic phase, and can 
acquire a saturation magnetization (as) of 140 emu/g or more 
and an anisotropic magnetic field (H A ) of 45 or 50 kOe or more. 
From the viewpoint of the saturation magnetization (as) and 
the anisotropic magnetic field (H A ) , it is preferable that 
the N content (v) is set to fall within a range between 0.5 
and 2.7, and moreover, between 1.0 and 2.5. 
Experimental Example 12> 

In the same procedures as in Experimental Example 7, each 
sample was prepared in such a way that the composition concerned 
may be represented by Ndo.95Zro.05 (Ti 8 . 3 Fe9i. 7 -wCo w ) i2Sio.25Ni. 5 or 
Ndo.95Zro.05 (Ti 8 . 3 Fe 9 i.7-wCo w ) i 2 Sii. 0 Ni. 5 - The samples obtained 
each were identified for phases and measured for saturation 
magnetization (as) and anisotropic magnetic field (H A ) . The 
results obtained are shown in Figure 24. 

It is to be noted that Experimental Example 12 is an 
experiment carried out for the purpose of investigating the 
effects of the Co content (w) on the phases, the saturation 
magnetization (as) and the anisotropic magnetic field (H A ) . 

As can be seen from Figure 24, in any one of the case 
where the Si content (z) is 0.25 and the case where it is 1.0, 
both of the saturation magnetization (as) and the anisotropic 
magnetic field ( H A ) are improved by increasing Co content (w) 
and such an improvement effect reaches a peak for the Co content 
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(w) of about 20. Accordingly, in consideration of the fact 
that Co is expensive, the Co content (w) is preferably 30 or 
less, and more preferably set to fall within a range between 
10 and 25. Within this range of the Co content (w) , the 
structure is of the single phase composed of the 1-12 phase. 
Experimental Example 13> 

High purity Nd, Zr, Fe, Ti and Si metals were used as 
raw materials, and each sample was prepared by means of the 
arc melting method in an Ar atmosphere in such a way that its 
alloy composition may be represented by 

Ndo.95Zro.05 (Ti 8 .3Fe9i.7-wCo w ) i2Si z . Successively, the alloy was 
milled with a stamp mill and passed through a sieve with opening 
of 38 |Ltm, and thereafter mixed with a C powder having a mean 
particle sizeof ljumorless, and then the mixture thus obtained 
was heat-treated so as to be maintained at 400 to 600°C for 
24 hours in an Ar atmosphere. After the heat treatment, each 
of the samples was subj ected to a chemical composition analysis 
and an identification of the formed phases, and measurements 
of the saturation magnetization (as) and the anisotropic 
magnetic field (H A ) . The results obtained are shown in Figure 
25. 

As shown in Figure 25, also by adding C in place of N, 
the single phase consisting of the 1-12 phase can be obtained, 
and additionally, a saturation magnetization (as) of 140 or 
150 emu/g or more and an anisotropic magnetic field (H A ) of 
40 kOe or more can be obtained. In this case, C plays the 
same role as N. 
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Experimental Example 14> 

The results of an experiment carried out for the purpose 
of investigating the variations of the magnetic properties 
due to partial substitution of Nd with Hf will be described 
below as Experimental Example 14. 

In the same procedures as in Experimental Example 7, each 
sample was prepared in such a way that the composition concerned 
may be represented by Ndi- u Hf u (Ti 8 . 3^91.7) i2Sii. 0 Ni. 5 . The 
samples obtained each were analyzed for chemical composition, 
identified for phases, and measured for saturation 
magnetization (as) and anisotropic magnetic field (H A ) . The 
results obtained are shown in Figure 26. 

As can be seen from Figure 26, Hf has a similar effect 
to Zr. 
[Example 3] 

The results of experiments (Experimental Examples 15 and 
16) carried out for the purpose of investigating the variations 
of the c/a caused by inclusion of Si will be described below 
as Example 3. 
Experimental Example 15> 

High purity Nd, Fe, Ti and Si metals were used as raw 
materials, and each sample was prepared by means of the arc 
melting method in an Ar atmosphere in such a way that its alloy 
composition may be represented by Nd- (Tie. 2^91.8) 11.9-Siz or 
Nd- (Ti 8 .3Fe 9 i. 7 ) i2~Si z . Successively, the alloy was milled with 
a stamp mill and passed through a sieve with opening of 38 
jam, and thereafter subjected to a heat treatment (nitriding) 
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in which the mixture was maintained at 430 to 520°C for 100 
hours in an nitrogen atmosphere. After the heat treatment, 
each of the samples was subjected to a chemical composition 
analysis and an identification of the formed phases, and under 
the same conditions as in Example 1, measurements of the 
saturation magnetization (as) and the anisotropic magnetic 
field (H A ) . The results obtained are shown in Figure 27. 

The identification of the phases was carried out on the 
basis of the X-ray diffraction method and the measurement of 
the thermomagnetic curve, in the same manner as in Example 
1. 

As can be seen from Figure 27, in Samples Nos. 121 to 
126, each having a larger c/a value than the c/a value of 0 . 552 
of Sample No. 129 having no added Si, the magnetic properties, 
in particular , the anisotropic magnetic field (H A ) is improved. 
However, also by referring to Figure 28, it can be seen that 
the anisotropicmagnetic field (H A ) is improved with decreasing 
lattice constant of the a-axis until the lattice constant 
concerned is decreased to fall in a predetermined range, 
whereas the saturationmagnetization (as) tends to be decreased . 
In Sample No. 131 rich in the Si content, ct-Fe segregates and 
both of the saturation magnetization (as) and the anisotropic 
magnetic field (H A ) are decreased. In Sample No. 130 with 

no added N, the saturation magnetization (as) is low. As 
compared to the levels of the saturation magnetization (as) 
and the anisotropic magnetic field (H A ) of Sample No. 129 which 
contains N but not Si and those of Sample No. 130 which contains 
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Si but not N, the saturation magnetization (as) and the 
anisotropic magnetic field (H A ) of each of Samples Nos. 121 
to 126, according to the present invention, exhibit high values 
exceeding expected ranges, revealing that simultaneous 
inclusion of Si and N remarkably improve the magnetic 
properties . 

Figure 28 shows the thermomagnet ic curves for the 
compositions of Samples Nos . 127, 128 and 132 compiled in Figure 
27. For each of Samples Nos. 127 and 128, the Tc is found 
in the vicinity of 430°C, but no other Tc can be identified. 
Accordingly, Samples Nos. 127 and 128 each are taken to be 
of a single phase consisting of the ThMni 2 phase. For Sample 
No. 132, the Tc for a first phase can be identified in the 
vicinityof 400°C. Additionally, at 450°C, SampleNo. 132 holds 
a magnetization corresponding to 20% of the magnetization at 
room temperature. This indicates that Sample No. 132 has a 
magnetic phase having a Tc of 450°C or more. With increasing 
measurement temperature, the magnetization thereof comes to 
be lost in the vicinity of 770°C, and accordingly , the existence 
of a second phase can be identified. From these results and 
the results of the X-ray diffraction, this second phase can 
be taken as a-Fe. 
Experimental Example 16> 

The compounds shown in Figure 29 were obtained in the 
same manner as in Experimental Example 15. For each of these 
compounds, in the same manner as in Experimental Example 15, 
the measurements of the saturation magnetization (as) and the 
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anisotropic magnetic field (H A ) , and the identification of 
the formed phases were carried out. The results obtained are 
shown in Figure 29. 

As shown in Figure 29, Samples Nos. 133 to 137 each having 
an (Fe + Ti) content (x) , namely, the ratio of (Fe + Ti) to 
R falling within a range between 10 and 12.5 acquire high 
magnetic properties such as a saturation magnetization (as) 
of 120 or 130 emu/g or more and an anisotropic magnetic field 

(H A ) of 55 kOe or more. Additionally, the compounds based 
on Samples Nos. 133 to 137 each show a single phase consisting 
of the ThMni2 phase. On the contrary, in Sample No. 138 having 
a ratio of (Fe + Ti) to R of 12.7, the segregation of a-Fe 
has been verified in addition to the segregation of a compound 
having the ThMn i2 phase. Additionally, in Samples Nos. 133 
to 137, with decreasing ratio of ( Fe + Ti) to R, the single 
phase remains, but both of the saturation magnetization (as) 
and the anisotropic magnetic field (H A ) are decreased. From 
this tendency, the ratio of ( Fe + Ti) to R is preferably set 
at 10 or more. 

[Example 4] 

Examples shown above (Examples 1 to 3) are all related 
to hard magnetic compounds. In Example 4, specific examples 
related to permanent magnet powders will be presented. 
Experimental Example 17> 

The raw materials weighed so as to give the composition 
shown below were melted in an Ar atmosphere, and subjected 
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to quenching and solidification. The quenching and 
solidification conditions are as follows. 

The obtained alloy consisted of 20 (am thick flakes . These 
flakes heat-treated so as to be maintained at 800°C in an Ar 
gas atmosphere for 2 hours. 

Moreover, the heat treated flakes were milled with a stamp 
mill to a size capable of passing a sieve having opening of 
75 (am, and the thus milled powder was subjected to nitriding. 
The nitriding conditions are such that the treatment 
temperature is 400°C, treatment time is 64 hours and the 
atmosphere is a flow of N 2 (at atmospheric pressure) . 

• Composition : NdiFe 9 .i5Co 2 .oTi 0 .85Sio.2 

• Single roll casting method (the material of the roll: Cu) 

• Nozzle hole diameter : (|)1 mm 

• Pressure of gas jet: 0.5 kg/cm 2 

• Temperature of melt: 1400°C 

• Roll peripheral velocity (Vs) : 15, 25, 50 and 75 m/s 

For each of the quenched and solidified flakes (sample) 
and the heat-treated sample, the phases was observed by means 
of an XRD (X-Ray Dif f ractometer ) . The results obtained are 
shown in Figures 30 and 31. Figure 30 shows the results 
observed for the quenched and solidified sample, while Figure 
31 shows the results observed for the heat-treated sample. 

As shown in Figure 30, the peaks of the ThMn i2 phase were 
observed in the samples obtained with the roll peripheral 
velocities (Vs) of 15 and 25 m/s, whereas the peaks of the 
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ThMni2 phase were not observed but diffraction lines 
characteristic to amorphous phases were observed in the samples 
obtained with the roll peripheral velocities (Vs) of 50 and 
75 m/s. 

As shown in Figure 31, it has been verified that after 
heat treatment, any one of the above mentioned roll peripheral 
velocities results in the ThMni 2 phase dominating the main 
phase. 

Figure 32 is an image showing the results of the TEM 
(Transmission Electron Microscope) observation of the 
structure of the sample obtained with the peripheral velocity 
of a roll (Vs) of 25 m/s and subjected to the heat treatment. 
Figure 33 is an image showing the results of the TEM observation 
of the structure of the sample obtained with the roll peripheral 
velocity (Vs) of 75 m/s and subjected to the heat treatment. 

As shown in Figures 32 and 33, it has been able to be 
verified that after the heat treatment, extremely fine 
nanostructure is exhibited. More specifically, the structure 
found after heat treatment varies as follows depending on the 
roll peripheral velocity (Vs) : in the sample obtained with 
the roll peripheral velocity (Vs) of 25 m/s, many grains having 
a grain size of about 25 nm were observed, and the largest 
grain size is about 50 nm; on the contrary, in the sample obtained 
with 75 m/s, a large number of grains having a grain size of 
about 10 nm were observed, and the largest grain size is about 
100 nm. 
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Next, the magnetic properties of the samples after 
quenching and solidif ication, after heat treatment and after 
nitriding were measured by using a VSM (applied magnetic field: 
20 kOe) . The results obtained are shown in Figure 34. The 
N contents of the samples after nitriding are as follows: 
Roll peripheral velocity (Vs) = 25 m/s: 2.93 wt% 
Roll peripheral velocity (Vs) = 75 m/s: 2.79 wt% 

As shown in Figure 34 , it has been verified that by applying 
nitriding after heat treatment, both the coercive force (Hcj ) 
and the remanent magnetization (err) are improved, and the 
sufficient properties as a permanent magnet are obtained. In 
Figure 34, the measurement results of the magnetic properties 
of a powder obtained in Comparative Example to be described 
below are also shown; both of the coercive force (Hcj) and 
the remanent magnetization (ar) thereof still remain at lower 
values as compared to Example. 

Comparative Example: Raw materials were weighed so as 
to give the same composition (NdiFe 9 .i5Co 2 .oTio.85Sio.2) as in the 
present example, the mixture of the raw materials was melted 
by high frequency melting, the obtained melt was cast into 
a water-cooled Cu mold to produce an alloy (the thickness of 
the alloy: 10 mm) . The alloy was milled with a stamp mill 
in the same manner as in Example, and the milled alloy was 
subjected to the same heat treatment and the same nitriding 
as in the present Example to yield a powder. 

Next, an epoxy resin was mixed in a content of 3 wt% in 
the powder subjected to the nitriding ( the relevant roll 
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peripheral velocity (Vs) : 50 m/s) , and the mixture thus 
obtained was stirred and compacted by use of a die having a 
(|)10 mm cylindrical cavity at a compacting pressure of 6 ton/cm 2 
to obtain a compact. The compact was subjected to a curing 
treatment at 150°C for 4 hours to yield a bonded magnet. The 
bonded magnet was subjected to a measurement of magnetic 
properties with a B-H tracer (applied magnetic field: 25 kOe) . 
The results obtained are as follows: 

Br = 6700 G, Hcj = 7980 Oe, (BH)max =8.5 MGOe . 
Experimental Example 18> 

Quenched and solidified alloys having the compositions 
shown in Figure 35 were produced, and then the alloys were 
subjected to the heat treatment and the nitriding. The 
conditions for the quenching and solidification, heat 
treatment and nitriding are as follows. The magnetic 
properties of the alloys were measured after having been 
subjected to the nitriding, and the results obtained are shown 
in Figure 35. 

-Quenching and solidification- 

• Single roll casting method (the material of the roll: Cu) 

• Nozzle hole diameter: <j)l mm 

• Pressure of gas jet: 0.5 kg/cm 2 

• Melting temperature: 1400°C 

• Roll peripheral velocity (Vs) : 50 m/s 
-Heat treatment- 
Retention at 800°C for 2 hours in an Ar gas atmosphere 

-Nitriding- 
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Retention at 400°C for 64 hours in a flow of N 2 gas (at 
atmospheric pressure) 

As shown in Figure 35, it can be verified that the 
application of the nitriding after the heat treatment is 
effective for the purpose of obtaining a permanent magnet 
powder provided with high magnetic properties. 

Industrial Applicability 

According to the present invention, there can be provided 
a hard magnetic compound in which even when Nd is used as a 
rare earth element, the ThMn i2 phase is easily generated. In 
particular, according to the present invention, even when the 
content of Nd is 100 mol%, there can be obtained a hard magnetic 
compound which shows a single phase consisting of the ThMn i2 
phase, namely, a hard magnetic phase. 

Additionally, according to the present invention, there 
can be obtained a hard magnetic compound showing a single phase 
in which both of the saturation magnetization and the 
anisotropic magnetic field are high, by use of an intermetallic 
compound in which Si which anisotropically shrinks the crystal 
lattice and N which isotropically expands the crystal lattice 
are made to be included as interstitial elements, and the ratio 
of T to R is made to fall in the vicinity of 12. 

Moreover, according to the present invention, there can 
be provided a permanent magnet powder which can easily generate 
the ThMni2 phase even when Nd is used as a rare earth element, 
and a method for producing the permanent magnet powder. 
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Additionally, according to the present invention, there can 
be obtained a bonded magnet for which such a permanent magnet 
powder is used. 
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